INTRODUCTION

General
Carbonation induced corrosion of reinforcement together with freeze-thaw damage in concrete facades and balconies are the major degradation mechanisms causing repair need in Finland [1] . Corrosion of steel reinforcement in concrete is commonly regarded as an electrochemical phenomenon meaning that corroding reinforcement works as a mixed electrode where cathodic and anodic areas are formed on the steel surface [2] . The size of anodes and cathodes determine the nature of corrosion. Corrosion due to carbonation is general over the reinforcement surface with relatively evenly spaced cathode and anode areas. [3] . Because concrete protects steel from corrosion as a protective layer for the reinforcement, corrosion does not initiate immediately. This has been taken into account by depicting reinforcement corrosion as a process consisting of two or more consecutive phases [4, 5, 6] as shown in Figure 1 . According to Finnish concrete codes [7, 8] the service life of reinforced concrete structure will end when carbonation of concrete achieves the steel bar first time. To determine the service life of the reinforced concrete structure it is important that the calculation of the initiation phase is correct.
This study analyses the actual observed progress of carbonation on concrete facades and balconies in one actual building situated in Helsinki suburban area by a survey of condition assessments made in 1994 [9] and repeated sampling in 2014 enabling a 20 years' time interval. This information is contrasted to the widely used square root model to evaluate its use in predicting the progression of carbonation in concrete structures exposed to Nordic climate.
Case study in Jakomäki
Jakomäki suburban area is situated in northern Helsinki, approximately 16 km northeast from the city centre. The area consists of 31 blocks of flats, which are built between 1967 and 1969. In general, those blocks of flats have 3 to 6 floors. About 5800 inhabitants live in the area. Tampere University of Technology (TUT) carried out large condition investigation program to the concrete facades and balconies of Jakomäki buildings in 1994. Several degradation mechanisms were found on concrete facades and balconies after 25 years' service life. Based on the condition assessment a large renovation program was launched in 1996 and it ended in 2014 to the demolition of two last buildings, while others were renovated. The case study building was completed in 1968. It was a 5-storey block of flats with exposed aggregate concrete facades and suspended concrete balconies, see Figure 2 . The structure of this building consist of prefabricated sandwich facade panels and balcony slab, frame and parapet elements. The surface of facades was exposed aggregate concrete and balconies were painted with non-permeable paint. The typical dimensions of precast panels of the case study building are shown in Table 1 based on the first condition assessment. The case study building was demolished in the end of 2014 after being in service for 46 years. Before demolition several samples were taken from facades and balcony frames. 
CARBONATION OF CONCRETE
Carbonation of concrete is a chemical reaction between alkaline hydrates of concrete and carbon dioxide gas both dissolved in concrete pore water. The reaction product is calcium carbonate, which lowers the pH of the pore water (and concrete) gradually to a level where steel can corrode.
As the alkaline hydroxide reservoir in concrete is limited, it is eventually completely consumed leading to the neutralization of concrete. Since carbon dioxide originates from the atmosphere the concrete structure is exposed to, carbonation advances inside concrete as a carbonation front and the diffusion of it inside concrete serves as a limiting factor for its progression. [10] .
Factors that limit carbonation are (1) moisture content of concrete, (2) reserve of calcium hydroxide in cement, (3) impermeability of concrete, (4) low CO2 concentrations in air and (5) outwards diffusion of OH -in water saturated concrete [5] . These factors are related to e.g. the thickness of concrete cover, high cement content and pore structure as well as the water-cement ratio of the concrete as actual properties of the structure [10, 11] and the amount of atmospheric CO2 and precipitation (sources of moisture) as external environment properties.
Because carbonation is controlled by the diffusion of carbon dioxide inside concrete, it is commonly modelled with a square root relationship with time, see Eq. 1, [5] derived from the differential equation of diffusion [9] . The rate of carbonation, including the effect of both internal and external factors, is in this model denoted by the factor k (carbonation coefficient).
where,
Extensive research has been conducted since late 1950s on relating carbonation depth in laboratory environment to such concrete properties as water-cement ratio, compressive strength and curing as well as controlled levels of carbon dioxide or relative humidity [11] .
Many models have been proposed for depicting carbonation all utilizing the square root relationship [10] . Although, it is mentioned that empirical measurements indicate that, especially in the cases of concrete exposed to rain, the exponent for time is less than 0.5 [5, 12] . Therefore, the square root equation should be regarded as an upper limit for carbonation in these cases. The square root equation has also been developed to separate the influence of different individual internal and external factors to carbonation [13] and further on to isolate the influence of specific factors [14] opposed to the one parameter in Eq. 1.
CONDITION INVESTIGATIONS MADE FOR THE BUILDING
Condition investigation
In Finland concrete facades have been subjected to condition assessments since late 1980s and data measured by standardised procedures [15] have been produced in majority of these assessments. The condition assessments consist of preliminary desk top studies, visual observation and rating in situ, measurements and sampling in situ and laboratory tests [16] .
Carbonation depth has been measured from core samples taken during the field investigation by spraying freshly cut surface with a phenolphthalein pH indicator. The carbonation depth is measured from a single sample as the average and the maximum depth of the carbonation front. By average 12 samples have been taken from one building during a single condition assessment in general [16] .
First condition investigation
First condition assessment was carried out to the case study building during the summer 1994. Totally 44 concrete samples were taken from facades and balconies. According to original construction plans concrete grade was C25/30 both in facades and balconies.
Concrete samples with the diameter of 50 mm were extracted from the outer concrete layer of the façade and from balcony panels by a diamond core drill. The samples were marked on site and stored for further studies and analyses. All of the samples were subjected to a thorough visual inspection for the concrete quality (e.g. pores, capillaries, and any damage visible to the naked eye). Also the carbonation depth was recorded during the visual inspection.
Part of the samples were then prepared for the microscopic study from a thin section and part of the samples were tested for the pore structure (capillary porosity and protective porosity) by the standard SFS 4475 and tensile strength by the standard SFS 5445. In standard SFS 4475 the weight of concrete samples is measured as oven dry (+ 105 ± 2 °C), capillary saturated and pressure saturated (all pores forced to saturate high pressure). Protective pore ratio pr is calculated as follows: All of the analyses carried out with the samples aimed at determining the quality, durability properties and evident degradation in the façade concrete.
Sampling 2014
After the initial condition investigation in 1994, a decision was made concerning the case study building that no repairs were carried out. Instead the case study building, and its neighbouring building were meant to serve as long as possible and then be demolished. Before the demolishing of the building in the late autumn 2014, a repeated sampling was carried out.
Core samples were extracted from the outer concrete layer of the façade and from balcony frame panels in the same way as in the first condition investigation. The sampling was focused on the south-eastern façade to enable the collection of as many samples as possible in limited time. 14 samples with the diameter of 75 mm and three samples with the diameter of 100 mm were taken from the exposed aggregate facades and four samples with the diameter of 75 mm were taken from the balcony panels. The samples were inspected visually in the same way, but by a different person than in the first time. The inspection is standardized so that error caused by different assessor should be minimised. The carbonation depth was recorded during the visual inspection from all samples.
The samples were then tested for the pore structure (capillary porosity and protective porosity) by the standard SFS 4475. The larger samples (diameter of 100 mm) were subjected to compressive strength tests.
Before demolishing the building, sampling was carried out during late autumn 2014. Totally 21 samples were drilled from balcony frames and facades.
RESULTS AND DISCUSSION
Carbonation of concrete
Carbonation of concrete was measured with phenolphthalein pH indicator on the surface of drilled sample. All measurements are shown in Table 2 .
In 1994 condition investigation carbonation of concrete was 12 mm in average with 3.8 mm standard deviation in exposed aggregate concrete facades. This mean 2.28 mma -1/2 average carbonation coefficient. Only some single corrosion damage was seen. 13 % of measured cover depths were less than 5 mm. On the other hand, exposed aggregate concrete facades were found non-freeze-thaw resistant and some incipient freeze-thaw damage was detected in thin-section analyses. The cracking caused by the freeze-thaw damage may also slightly have increased the carbonation rate of the façade concrete. For this reason, also the freeze-thaw resistance and damage are briefly discussed in next chapter. In 2014 average carbonation in balcony frames was 21 mm with 4.0 mm standard deviation. In facades average carbonation depth was 11 mm with 1.6 mm standard deviation.
4.2
Freeze-thaw resistance and capillary porosity of concrete
Façade panels were not freeze-thaw resistant in the first place. Protective pore ratio was approximately 0.05 (std. dev. 0.02). According to Finnish national concrete guideline in force during construction of this building, the protective pore ratio should be 0.20 at least for freezethaw resistant concrete [16] . Serious and wide spread freeze-thaw damage was detected in thinsection analyses during the first condition investigation. Capillary porosity of concrete was 6.5 vol-% (std. dev. 0.9), which is the most typical value for exposed aggregate concrete made in 1960s and 1970s [1] .
From balcony structures, only two samples were taken. Protective pore ratio was 0.12 and 0.14, which is the most common value for balconies in that era. Concrete was not freeze-thaw resistant in balconies either, but no damage was detected.
Progress of carbonation during last 20 years
The first condition investigation was carried out in 1994 with 38 samples in total from different kinds of concrete panels and from all the facades, but only 7 of them were comparable to the second investigations samples. The second investigation took place in 2014 with 21 samples but only from south-eastern facade. Results can be seen in table 3. Table 3 -Average and standard deviation of measured carbonation coefficient.
On the balcony side panels, the carbonation coefficient is approximately the same in both investigations. The standard deviation is also approximately the same, and carbonation curve follows Eq. (1) nicely, see Figure 3 . On the other hand, in sandwich panels, the carbonation 1994 2014 Outer surface av.
[mm] Figure 3 . In balcony side panels the carbonation coefficient in 1994 was 2.94 mm/a 0.5 and in 2014 3.02 mm/a 0.5 (std. dev. 0.69). The side panels' carbonation coefficient was approximately same in both condition investigations and the difference is caused by inaccuracy in measurement of carbonation depth and inhomogeneity of concrete.
In sandwich panels in 1994 the carbonation coefficient was 2.04 mm/a 0.5 (std. dev. 0.53) and in 2014 it was 1.59 mm/a 0.5 (std. dev. 0.24) which is significantly lower. Lahdensivu [1] has analysed the carbonation of concrete facades and balconies under real outside environment in a study of 947 concrete buildings built between 1960 and 1996. The average carbonation coefficient for exposed aggregate concrete panels was 1.96 mm/a 0.5 in concrete panels made in 1960s and1970s. Compared to this average carbonation coefficient of 2.04 mm/a 0.5 from 1994 made condition investigation, it gives an impression on very common concrete for that era. However, freeze-thaw damage was detected in exposed aggregate concrete as early as 1994. Freeze-thaw damage has caused small cracking to concrete surface and, therefore, diffusion of carbon dioxide into concrete pore structure is faster than in solid concrete. Therefore, the calculated carbonation coefficient does not illustrate the progress of carbonation deeper in the concrete.
In Figure 4 is presented different carbonation curves for sandwich panels to illustrate the progress of the carbonation. If Eq. (1) and the uppermost curve are used for freeze-thaw damaged concrete, it gives too pessimistic estimation on the condition of the reinforcement's state of corrosion. In 2014 it gives 4 mm deeper carbonation depth than it actually is. Therefore, more reinforcement will be exposed and repaired than actually needed. This could lead to too heavy repair, e.g. overcladding instead of patch repair.
If Eq. (1) is used in this case together with the curve based on the latter carbonation measurements (k = 1.59) it gives a too positive estimation of what has happened in the early age of the façade. This may lead to the underestimation of the time that certain depth of the concrete has been carbonated. This may lead to underestimation of the corrosion propagation of rebars and the underestimation of rebar diameter loss or the need of patch repair.
The Eq. (1) together with the adjusted average curve work adequately in describing both early and later phases but any prediction made using this trend line will overestimate the further progression of carbonation.
Eq. (1) gives too pessimistic values for carbonation in freeze-thaw damaged concrete as can be seen in Figure 4 . For freeze-thaw damaged concrete the adjusted curve follows Eq. 
CONCLUSIONS
In this case study several samples were taken from one building only. Samples were taken from exposed aggregate concrete sandwich panels and balcony side panels. Compared to the data collected from large number of buildings, the measured carbonation rates were very common, as well as the large deviation of carbonation rates.
In the most service life models of reinforced concrete structures the initiation phase is the most crucial, because according to models, service life of the structure will end when carbonation achieves the reinforcement for the first time. Initiation phase is usually modelled after simplified solution of Fick's second law. In solid concrete the progress of carbonation can be predicted reliably with usually used square root model. This model, however, gives too pessimistic predictions for concrete suffering from freeze-thaw damage.
Freeze-thaw damaged concrete (in this case exposed aggregate concrete) may alter the progression of carbonation from the conventional model. Carbonation is slowed down due to more moisture being able to penetrate the freeze-thaw cracked concrete and the concrete stays wet for longer time. The slowing down can be described by altering the time-exponent in the common square root relationship Eq. (3) instead of Eq. (1).
